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Summary
Objective: The assessment of articular cartilage integrity is of value for the detection of early degenerative joint disease in both the clinical and
the research settings. It was the purpose of this study to determine the accuracy and reliability of identifying articular cartilage defects through
Diffraction Enhanced Imaging (DEI), a high contrast radiographic imaging technique. DEI provides two new sources of image contrast to
radiography: refraction and scatter rejection, besides the absorption of conventional radiography.
Design: Cadaveric tali were DEI imaged in the anterioreposterior position at the National Synchrotron Light Source. Two independent
observers provided gross score evaluations (on a ﬁve point scale) of the trochlear surfaces. The DEI image of each trochlear surface was then
graded (on a ﬁve point scale) by two additional independent observers who were blinded with regard to the gross evaluation of the articular
surfaces. Inter-observer agreement for DEI grades was assessed with the weighted k statistic. Correlation of diffraction enhanced image score
to the gross score was assessed with Spearman correlation coefﬁcient.
Results: The defects of articular cartilage of talar trochleae could be visualized through DEI. The Spearman correlation of gross grades with
DEI grades on the 165 talar regions for observers 1 and 2 were 0.91 and 0.91, respectively. The overall weighted k value for inter-observer
agreement was 0.93, thus considered high agreement.
Conclusions: DEI is accurate and reliable for detection of articular cartilage defects ex vivo. Even early stages of degeneration of cartilage can
be visualized with this high contrast technique. Future studies will focus on the application of DEI to the identiﬁcation of such lesions in vivo.
ª 2005 Published by Elsevier Ltd on behalf of OsteoArthritis Research Society International.
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The assessment of articular cartilage integrity is of value in
the detection of early degenerative joint disease in both the
clinical and research settings. Following disease progres-
sion or stabilization with therapeutic agents and other
disease altering treatments is of vital importance.
A variety of imaging modalities have been implemented in
the assessment of cartilage abnormalities, including: (1)
non-invasive methods: radiography, computed tomography
(CT), and magnetic resonance imaging (MRI); (2) invasive
methods: arthroscopy, ultrasound with arthroscopy, con-
ventional and CT arthrography. Although arthroscopy
provides a direct view of the articular surfaces of the joint,
it is invasive and is limited to surface views. Conventional
X-ray and CT lack the soft tissue contrast in clinical and
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Received 19 January 2004; revision accepted 7 November 2004.1research scenarios in detecting articular cartilage. Conven-
tional and CT arthrography, with the administration of
a radiopaque contrast material or injection of air into the
joint cavity, are invasive techniques with mild risk of allergy
to contrast materials or infection. Thus, the identiﬁcation of
cartilage lesions is limited to MRI1e10. However, the efﬁcacy
of clinical MRIs in cartilage imaging is still being examined,
and patients with metallic implants, other than titanium
alloy, cannot be examined with MRI.
Diffraction Enhanced Imaging (DEI) is a novel radio-
graphic method, still in experimental stages, that introduces
selectivity for the angular deviation of X-rays traversing the
subject11,12. It uses a collimated X-ray beam produced by
a perfect crystal monochromator. When this beam passes
through the subject, a matching analyzer placed between
the subject and the detector converts the angular changes
in the beam into intensity changes, giving rise to enhanced
contrast13. The angular sensitivity of DEI allows measure-
ment of the gradient of the X-ray index of refraction, and of
ultra-small-angle scattering of the subject, besides the
X-ray attenuation obtained through conventional radiogra-
phy. Since the DEI contrast mechanism does not rely
simply on the absorption of the subject, it is ideally suited to
image bone, cartilage and other soft tissues simultaneously.87
188 J. Li et al.: Reliability of DEI for assessment of cartilage lesions, ex vivoPreviously we demonstrated that DEI allows the radio-
graphic detection of articular cartilage14,15 and other soft
tissues16 of both disarticulated and intact specimens. Here
we present preliminary evidence that, through DEI, articular
cartilage integrity can be accurately and reliably evaluated
radiographically. Although DEI is currently an experimental
imaging methodology, the present study has been carried
out to contribute to the determination of the applicability of
DEI to future cartilage imaging in the clinical and/or research
setting. At present, this technology has limited availability,
but prior to efforts being made for futuristic clinical radio-
graphic approaches, the power of DEI for cartilage imaging
needs to be established. DEI subjects the patient to less
radiation than conventional radiology. Thus, the technology
does have the potential for development for the clinical
setting, the limiting factor being the lack of a high intensity
X-ray tube. However, efforts are currently underway by the
physicists and engineers of our research group, in this
regard.
Materials and methods
SPECIMEN COLLECTION AND PREPARATION
A total of 55 formalin-preserved human tali (obtained
through the Gift of Hope Organ and Tissue Donor Network of
Illinois with Institutional Review Board approval) were used
in this study. We have previously shown that DEI imaging is
independent of specimen ﬁxation, as there is no distinction
between images of the same specimens in the fresh state vs
the formalin-preserved state14. The donors were represen-
tative of the donor population of the greater Chicago area.
The 55 tali were from 23 Caucasian males and 32
Caucasian females with a mean age of 68.7 years, with no
history of global joint disease. The choice of the talar dome
for study was made in order to explore the highest level of
lesion detection possible, independent of location.
Each talus was visually divided into three regions, medial,
central and lateral, for a total of 165 regions, and each
region was graded independent of the others. The talar
regions were a full representation of all ﬁve major grades of
cartilage integrity as assessed through a modiﬁed gross
morphological Collins scale17,18. Because it is difﬁcult to
collect human tali with severely degenerated cartilage, we
surgically created a few Grade 4 cartilage lesions in accord
with the gross morphological Collins scale.
SPECIMEN GRADING
Two independent observers trained to identify cartilage
lesions by studying the appearance of lesions on a set of 20
tali displaying a variety of lesions and their corresponding
DEI images. These 20 tali did not comprise any part of the
55 tali utilized for the remainder of the study. These same
two observers provided gross morphological scores (ac-
cording to the scale described above) of the trochlear
surfaces for the 55 tali described in the Specimen
Collection and Preparation section above. Since it is not
reasonable to carry out thin section histology for all 165
trochlear regions, Grade 0, 1 and 2 specimens were
examined under a stereomicroscope (4!) to ensure that
all visible lesions were identiﬁed. All samples were then
preserved in 10% formalin solution for DEI imaging.
Representative samples (19 in number), particularly those
at lower grades, were also examined under a Nikon
Reﬂective Light DIC Microscope and under a Nikon
Confocal Microscope and with conventional microscopywith safranin-O/fast green staining19. In addition, all speci-
mens for which the grossly-detected cartilage degradation
grade did not match the observers grades for the DEI
images (and in which there was no grossly apparent
explanation, 13 in number) were examined with conven-
tional microscopy with safranin-O/fast green staining in an
effort to provide additional information for the reasons for
the discordance.
DEI SYSTEM AND IMAGING
Two-dimensional radiographic imaging was carried out at
the X15A beamline at the National Synchrotron Light
Source, Brookhaven National Laboratory, Upton, NY. The
DEI technique has previously been described11,12,14,16, but
brieﬂy, a collimated fan beam of X-rays is prepared by
a silicon [3,3,3] double crystal monochromator. The imaging
beam is 130 mm wide and 3 mm high at the location of the
object. The X-ray beam transmitted through the object could
be either imaged directly, as in ‘‘standard radiography’’, or
after diffraction in the vertical plane by means of the silicon
crystal analyzer to acquire the DEI image. The analyzer
detects the object’s X-ray scattering and refraction at the
microradian level, a sensitivity for tissues of similar
densities beyond that of conventional radiography. The
scanning time was 12 s.
The greatest absorption information is attained at the
peak, or 0 point, of the rocking, or intensity, curve as
assessed through the analyzer crystal. To extract refraction
information, the analyzer is typically set to the half intensity
points on the negative and/or positive slope of the intensity
curve. At these points, subtle angle variations are converted
into intensity variations, which make refraction effects
visible in DEI images. Thus, all DEI images were taken at
30 keV and at 0.8, 0, and C8 mrad of the intensity
curve14,15. The distance between the subject and the
detector was 1 m. The images were acquired with image
plate readers (Fuji Medical Systems, model BAS2500). The
resolution of the image obtained is limited by image plate
resolution which is approximately 50 mm.
GRADING
The gross morphological grade (referred to as ‘‘gross
grade’’ henceforth) of the trochlear surfaces was evaluated
by two independent observers according to the following
macroscopic scale for cartilage integrity: Grade 0Z normal
cartilage with a smooth glassy appearance; Grade 1Z
ﬁbrillation; Grade 2Z ﬁssuring, ulceration, or bruising);
Grade 3Z loss of 30% or less of cartilage from the articular
surface and Grade 4Z loss of more than 30% of cartilage
from the articular surface.
The DEI image of each trochlea was then graded
(referred to as ‘‘DEI grade’’ henceforth) by two additional
independent observers who were blinded with regard to the
gross evaluation of the articular surfaces. The scale used
was the same as that used for grading the gross specimens
since it was previously shown in preliminary work14 that
ﬁbrillations, ﬁssures and erosions on cartilage samples
could be identiﬁed as such in DEI images. To determine
intra-observer agreement, the two observers individually
repeated the grading of the DEI images two months after
the ﬁrst grading session. Intra-observer and inter-observer
agreement for DEI grades were assessed with the
weighted k statistic. Correlation of DEI image score to
the gross score was assessed with Pearson correlation
coefﬁcient.
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The correlation of gross grades with DEI grades on the 165 trochlear regions as determined by observer 1 for trial 1 and (trial 2)
DEI grade Gross morphological grade
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0 35(35) 6 (5)
0.5 1(3) 2(1) 2(3)
1.0 5(3) 1(2) 18(17) 1(1) 4(3)
1.5 0(1) 1(2) 1(2)
2.0 1 3(2) 29(29) 5(4)
2.5 2(2) 0(1) 1(2) 0(1)
3.0 1(1) 2(1) 21(21) 1(0)
3.5 1(2) 2(2) 2(2)
4.0 1(0) 16(16)Results
GROSS VISUAL GRADES OF SPECIMENS
The 165 talar dome regions fell into the following gross
visual grade categories: 37 at Grade 0; 4 at Grade 0.5; 28 at
Grade 1; 5 at Grade 1.5; 37 at Grade 2; 4 at Grade 2.5; 29
at Grade 3; 3 at Grade 3.5; and 18 at Grade 4.
CORRELATION OF GROSS MORPHOLOGICAL GRADES WITH
DEI IMAGE GRADES
The correlation of gross grades with DEI grades (as
assessed from images on the plus side of the intensity
curve) on the 165 trochlear regions as determined by
observer 1 (r2Z 0.91, P! 0.001 for trial one; r2Z 0.93,
P! 0.001 for trial 2) and observer 2 (r2Z 0.91, P! 0.001
for trial 1; r2Z 0.93, P! 0.001 for trial 2) are shown in
Tables I and II, respectively.
INTRA- AND INTER-OBSERVER AGREEMENT
The overall k value for intra-observer agreement was
0.97 for observer 1 and 0.97 for observer 2, thus considered
high agreement. The overall weighted k value for inter-
observer agreement was 0.93, considered high agreement.
LESION CHARACTERISTICS
The refraction images (taken at the shoulders of the
intensity curve) allowed obviously better visualization of
lesions than did the apparent absorption images as has
been shown previously14 (taken at the peak of the intensity
curve). Refraction images display the same contrast as the
absorption images but with the addition of refraction
information. Nearly all cartilage defects could be detectedwith DEI. For purposes of demonstrating the rocking curve,
Fig. 1 shows a sample of a talus at three points of the
intensity curve. The characteristics of the cartilage appear
slightly different at the three points depicted, with the
contrast being exactly opposite on opposite sides of
the intensity curve. Thus, the images at the 0.8 point of
the curve were used for the correlation studies, since
utilizing both minus and plus sides of the intensity curve
would be repetitive. Normal articular cartilage appeared as
a smoothly contoured surface with homogeneous contrast
within the tissue everywhere on the intensity curve. But the
Grade 2 cartilage lesion at the medial border of the talus
appeared as a contrast heterogeneity that was best
visualized on the shoulders (C and ) of the intensity
curve, with equal but opposite refractive contrast.
In Fig. 2, examples of the ﬁve grades of cartilage integrity
are shown in their DEI images [Fig. 2(b, d, f, h, j)] and in
their corresponding photographs [Fig. 2(a, c, e, g, i)]. With
DEI, normal, smooth looking cartilage appeared as a homo-
geneous tissue lying above the bone [Fig. 2(b)]. Fibrillation
appeared as a series of small contrast heterogeneities and,
depending upon their extent may not have appeared to
project across the cartilage surface [Fig. 2(d)]. Fissures and
ulcerations could be detected as contrast heterogeneities
with a size and shape consistent with the lesions as
observed grossly [Fig. 2(f)]. Because of the planar modality
of the current DEI technique, lesions that did not extend
across the entire width of the cartilage in the same plane as
the X-ray beam would be visualized within cartilage as
contrast heterogeneities. Erosions of the cartilage extend-
ing to the subchondral bone were readily identiﬁable due to
the extent of loss of cartilage in the DEI images [Fig. 2(h, j)].
Examples of the appearance of various other lesions in
DEI images can be seen in Fig. 3. Frayed, irregular cartilage
(Grade 2) is seen as contrast heterogeneities with
a roughened articular surface [Fig. 3(a, b)]. A crack/ﬁssureTable II
The correlation of gross grades with DEI grades on the 165 trochlear regions as determined by observer 2 for trial 1 and (trial 2)
DEI grade Gross morphological grade
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
0.0 35(36) 1(1) 5(4)
0.5 1(1) 1(1) 1(2)
1.0 4(3) 1(1) 20(20) 1(1) 4(4)
1.5 1(1) 1(1)
2.0 1(1) 3(3) 28(28) 3(4)
2.5 2(2) 1(0) 1(1)
3.0 2(2) 1(0) 23(22) 1(1)
3.5 0(1) 1(1) 2(2) 2(3)
4.0 2(2) 16(15)
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Fig. 1. (aec) DEI images taken at 0.8, the peak, andC0.8 of the X-ray intensity curve, or intensity curve, respectively. It can be seen that the
cartilage lesions [in the photograph of the specimen in (d)], are best visualized on  and C sides where refraction properties are best
elucidated. Only a shadow of the cartilage at the left border of the specimen can be seen in the ‘‘conventional’’ radiograph (e).can be seen as a dark line surrounded by irregularities
[Fig. 3(c, d)]. The more severe and extensive the lesion, the
more diffuse the contrast heterogeneities appear in the DEI
image [Fig. 3(eeh)].
One particularly interesting specimen displayed three
longitudinal grooves or ‘‘tram tracks’’20 on its superior
surface where it was impinged upon by anterior tibial
osteophytes during articular motion in the sagittal plane.
Upon DEI these grooves are observed as slight
indentations or loss of contrast depending upon the
amount of normal cartilage that existed along the length
of the grooves [Fig. 4(a, b)]. Beneath each of these
cartilage grooves could be seen an accompanying
subchondral bony ridge extending into the overlying
cartilage. The relationship between the cartilage lesion
and the subchondral bony ridge can be scrutinized more
closely in the 4! and 25! stereoscopic magniﬁcation
[Fig. 4(c, d)], in the 40! confocal, 50! reﬂective and
40! histologic views [Fig. 4(e, f, g), respectively] of the
specimen.ANALYSES OF DISCORDANT GRADING OF LESIONS
Eighteen (11%) of the discordant observer vs gross
grades were only 0.5 point apart from each other. The
greatest difference between gross and DEI grades was 1
grade. For observer 1, 21 (13%) of the 165 total grades
were 1 point discordant. For observer 2, 23 (14%) of the
grades were 1 point discordant. It was impossible to assign
a global explanation for these differences since 36% of
cases were over-scored and 64% were under-scored.
However, it was quite clear that each of these differences
was due, in most part, to the lack of CT for DEI at the
present. For grade 3 lesions, for instance, it was difﬁcult to
identify a small focal region of cartilage erosion extending to
the subchondral bone when it was superimposed by
surrounding cartilage in the path of the X-ray beam. This
occurred in 9/7 (observer 1/observer 2) out of 9/7 cases that
were under-scored (either by 0.5 or 1 grade) for erosion of
cartilage down to subchondral bone. The 3/3 cases of over-
scoring (either by 0.5 or 1 grade) of Grade 3 erosions were,
191Osteoarthritis and Cartilage Vol. 13, No. 3Fig. 2. Example of the ﬁve grades of cartilage integrity. The normal-looking cartilage on the superior surface of the talus in (a) has
a homogeneous appearance without contrast heterogeneities in its DEI image in (b). (c) shows a Grade 1 specimen whose focal ﬁbrillation
(arrows) on the superior surface of the dome is visualized as a series of contrast heterogeneities (arrows) in its DEI image in (d). The ﬁssure
(arrows) surrounded by frayed cartilage in (e) is visualized as such in its DEI image in (f) where the ﬁssure is seen as a sharp line surrounded
by contrast heterogeneities at points of cartilage damage (arrows). A Grade 3 lesion, characterized by loss of cartilage in less than 30% of the
surface [(g) arrow] is visualized in DEI as cartilage focal cartilage loss, in this case surrounded by damaged cartilage (h). Loss of cartilage
over most, or all, of the articular surface (i) is seen as an absence of cartilage in DEI or, cartilage loss with remnants of damaged cartilage
remaining (j).again, due to the inability to determine the extent of the
erosion in two dimensions.
The reasons for discordance at the lower grades of
lesions were less apparent than at Grades 3 and 4 in which
cartilage erosion was involved. Six/5 of the specimens
displaying no gross signs of degeneration were graded as
having at least some ﬁbrillation on DEI due to the presence
of minute contrast heterogeneities as can be seen in
Fig. 5(a). Upon histological examination, three of these
specimens did indeed display early pathological changes
within the cartilage as can be seen in Fig. 5(c). However, for
the remaining two specimens that did not show any
cartilage degradation when examined histologically, we
found no apparent explanation for the presence of the
contrast heterogeneities.
Contrarily, ﬁve grade 1 lesions (ﬁbrillation) were under-
graded by a full grade. In these cases, minimal ﬁbrillation in
focal regions (less than 15 mm in diameter) on the articular
surface were actually visualized on their DEI images asfocal contrast heterogeneities, but were mistaken for normal
heterogeneities within the cartilage because they were
found beneath a smooth, uninterrupted surface. These
represent examples of how focal ﬁbrillation can be
misinterpreted when surrounded by normal cartilage that
gives the appearance, upon two-dimensional DEI imaging,
of an intact cartilage surface.
One example of under-grading by the observers can be
seen in Fig. 6. Here, a more than faint set of heterogeneities
as seen in the DEI image [Fig 6(a)] was shown to be
a Grade 2 lesion both grossly and histologically [Fig 6(b, c),
respectively]. The observers, however, only assigned
a grade of 1 to this lesion.
SENSITIVITY AND SPECIFICITY
The sensitivity of DEI to allow visualization of varying
degrees of cartilage degeneration was assessed by the
following formula: true positivesO (true positives plus false
192 J. Li et al.: Reliability of DEI for assessment of cartilage lesions, ex vivoFig. 3. Examples of the appearance of various lesions in DEI images. Frayed, irregular cartilage [(a), arrows] is seen as contrast
heterogeneities with a roughened articular surface in its DEI image [(b), arrows]. A crack/ﬁssure [(c), right arrow] and other surface lesions [(c),
left arrows] can be seen as a sharp, dark line surrounded by contrast changes (d) and contrast heterogeneities with surface irregularities (d),
respectively, in DEI. Deep ulceration and chondral ﬂaps [(e), right arrow] demonstrate as contrast heterogeneities, surface irregularities, and
loss of cartilage thickness in DEI [(f), right arrow]. Focal partial-thickness cartilage loss [(e), left arrow] appears as a partial loss of X-ray
contrast in DEI. Partial-length tram track lesions [(g) middle three arrows] appear as focal spots of partial loss of contrast, demonstrating that
some cartilage has been lost along the surface [(h) middle three arrows]. A full-length tram track lesion [(g), right arrow] appears as an
indentation in the cartilage surface in DEI. Other deep, and/or diffuse lesions [(g), left arrows] manifest as cartilage loss, diffuse contrast
heterogeneities, and surface irregularities [(h), left arrows].negatives)! 100. True positives were deﬁned as all
specimens with a gross visual grade of 1 (ﬁbrillation or ﬁrst
signs of cartilage degeneration) or higher. False negatives
were deﬁned as those specimens with an observer grade at
least one full grade less than the gross visual grade. The
overall sensitivity was thus calculated to be 87%. The
sensitivity for each grade category separately was as
follows: Grade 0.5e1 (where a grade of 0 is considered
false negative)Z 78%; Grade 1.5e2 (where a grade of 1 or
less is considered false negative)Z 87%; Grade 2.5e3
(where a grade of 2 or less is considered false negati-
ve)Z 91%; Grade 3.5e4 (where a grade of 3 or less is
considered false negative)Z 95%.
The speciﬁcity of DEI was assessed by the following
formula: true negativesO (true negatives plus false pos-
itives)! 100. True negatives were deﬁned as those speci-
mens with gross visual grades of 3 or less, and false
positives were those specimens with an observer grade at
least one full grade greater than the gross visual grade. Thecalculated speciﬁcity was 91%. The speciﬁcity for each
grade category separately was as follows: Grade
0.5e1Z 78%; Grade 1.5e2Z 87%; Grade 2.5e3Z 91%;
Grade 3.5e4Z 95%. The sensitivity for each grade
category separately was as follows: Grade 0 (where a grade
of 0.5 or more is considered false positive)Z 86%;
Grade 0.5e1 (where a grade of 1.5 or more is considered
false positive)Z 100%; Grade 1.5e2 (where a grade of 2.5
or more is considered false positive)Z 98%; Grade 2.5e3
(where a grade of 3.5 or more is considered false
positive)Z 86%.
Discussion
The non-invasive detection of early or mid-stage patho-
logical cartilage changes, prior to any bone changes, in
degenerative joint disease is of importance so that behavior
modiﬁcation, disease modifying agents, and other treatment
regimes may be undertaken in a timely manner. The current
193Osteoarthritis and Cartilage Vol. 13, No. 3Fig. 4. (aeg) Several views of a trochlear surface displaying several tram track lesions (arrows) in which grooves have been eroded by the
bony ridge of the apposing anterior distal tibia during joint motion. (a) DEI image of trochlea in frontal view showing cartilage lesions with
associated subchondral bony ridge at arrows. (b) Photograph of trochlear surface from above. (c, d) Stereoscopic view of a 2 mm coronal
section of the trochlea (4! and 25!). (eeg) Confocal (40!), reﬂective (50!), and histologic (40!) views, respectively, showing one of the
longitudinal lesions with its associated subchondral bony ridge.
194 J. Li et al.: Reliability of DEI for assessment of cartilage lesions, ex vivoFig. 5. (a) DEI image of a talus that was given a grade of 1 (surface ﬁbrillation) due to the slight contrast heterogeneities seen at the arrow. This
region of the specimen was thought to be normal and without any surface interruption when visualized grossly (b). However, histological
examination indeed revealed early degeneration of the articular cartilage including surface ﬁbrillation and loss of proteoglycan [(c); 40!].gold standard of diagnosis of degenerative joint disease is
conventional radiography, a method that addresses only
joint space narrowing as a result of cartilage loss and bone
changes such as sclerosis and osteophytosis. By this
stage, the joint is most likely committed to pathologic
progression. Furthermore, at least one study suggests that
conventional radiographs are unreliable for evaluating
cartilage loss in patients with early osteoarthritis since, in
most instances, joint space narrowing is secondary to
meniscal extrusion rather than thinning of cartilage21.
Although not currently being utilized as a ﬁrst-line
diagnostic tool, MRI has shown merit in the identiﬁcation
of cartilage and its contours in situ22e25, in animal join-
ts26e35, in human knee joints1e10,36e44, shoulder45, and in
small joints46e50.
It has been shown that lesions and biochemical
abnormalities in cartilage correlate to signal intensity
abnormalities that are seen with MRI3,5,8,10,37,39. Further-
more, contrast-enhanced, high resolution MRI is capable of
rendering information about alterations in cartilage bio-
chemical composition51e53. However, drawbacks such as
insufﬁcient resolution, image contrast, and imaging times
still remain.
Because DEI, with its absorption, refraction, and scatter
rejection properties harnesses different tissue character-
istics than does MRI, we have chosen to further our
experimentation with this radiographic technique, knowing
that it has the potential to be developed as a clinical unit.
Here we show that DEI is capable of rendering images of
articular cartilage from which varying degrees of degener-
ation, including early signs such as ﬁbrillation, can be
identiﬁed with high accuracy (observer 1: rsZ 0.80,
P! 0.001 and observer 2: rsZ 0.84, P! 0.001) and
inter-observer reliability (kZ 0.93). We chose to use tali
rather than intact ankle joints so that the greatest level of
cartilage defect recognition from DEI images could bedetermined. In addition, this study was carried out to
determine the recognition patterns of the different grades of
cartilage defects, in other words, to deﬁne how each type of
defect appears in a DEI image. The obvious next step will
be to apply our results to intact human joints.
In the present study we have found that cartilage lesions
display as contrast heterogeneities on DEI images that can
be fairly accurately interpreted. Because the refraction (half
points on the intensity curve) images highlight edges, it is
here that we are best able to identify lesion outlines and,
therefore, determine the severity of a lesion, and whether or
not it involves just the articular surface or involves deeper
layers as well. Since DEI is a transmission radiographic
technique it depicts actual morphology, i.e., the shapes
observed on the images are representative of those of the
specimen. For instance, surface ﬁbrillation is seen as
a roughening of the specimen surface on a DEI image. If
the ﬁbrillation is deeper into the tissue, it appears as very
small contrast heterogeneities (darker regions as compared
to surrounding lighter area) within the depth of the cartilage.
A ﬁssure is seen as a contrast heterogeneity in its shape. If
a lesion only interrupts a portion of the thickness of the
cartilage specimen and does not compromise the full width
running parallel to the X-ray beam, the cartilage appears
intact in its height but a contrast heterogeneity will be
present in the shape as the lesion itself. All lesions can be
followed in their entirety through the depth of the cartilage.
The choice of disarticulated human tali as the subject
specimens within the present study was two-fold. Firstly,
both fresh and formalin-ﬁxed human tali of varying degrees
of cartilage degeneration are readily available to our
laboratory through the Gift of Hope Organ and Tissue
Donor Network of Illinois. Secondly, because the purpose of
the study was to determine the highest possible level of
lesion detection within a segment of cartilage, under the
most optimal circumstances, the joint origin of the cartilage
195Osteoarthritis and Cartilage Vol. 13, No. 3Fig. 6. (a, b) DEI image and photograph, respectively, of a talus displaying a Grade 2 lesion (ﬁssure; at arrow) that was not recognized as such
by the observers. Rather this talar region was thought to simply show ﬁbrillation. Histological examination supported the gross appearance (c).
Upon further analyses the observers realized that it was indeed a Grade 2 lesion but they were unfamiliar with the presentation of such a lesion
in DEI. Further experience with the reading of DEI images will improve such recognition.was not of consequence. Rather, it was imperative that the
highest possible standard be examined for visual character-
istics prior to application to intact knee and small joint
specimens. It was our aim to determine the potential of DEI
for ‘‘cartilage imaging’’, not ankle joint imaging. Talar dome
cartilage, as an isolated entity, provides the baseline from
which intact joint cartilage imaging will develop.
One limitation of the present study was that not all
specimens were histologically analyzed. However, all
specimens for which the grossly-detected cartilage de-
generation grade did not match the observer’s grades for
the DEI images were examined histologically to provide
possible explanations for this discordance.
Eleven percent of the discordant observer-to-gross
grades were only 0.5 point apart from each other, with the
greatest difference between gross and DEI grades being
one grade (13% for observer 1 and 14% for observer 2). It is
impossible to assign a global explanation for these differ-
ences since 36% of cases were over-scored and 64% were
under-scored. However, it was quite clear that each of these
differences was due, in part, to the lack of CT for DEI at
present. Several lesions proved to be a challenge in
identiﬁcation if studied only in the anterioreposterior view.
For instance, it was occasionally difﬁcult to decipher a Grade
3 erosion from a Grade 4 erosion if much of the cartilage
loss was parallel to the X-ray beam (or in the anterior to
posterior direction on the talus), but did not cover the full
width (medial to lateral) of the image of the cartilage. This
was, of course, a result of our current two-dimensional
system, which is the reason we took images in the medial/
lateral plane as well. This approach would be more difﬁcult,
however, for joints such as an intact ankle because of the
interference of the bony malleoli of the tibia and ﬁbula in thepath of the beam when the ankle is imaged in the medial to
lateral position. Although we have previously shown that
cartilage can still be visualized on DEI images even when
superimposed by bone15, we have yet to determine if this is
depth or thickness dependent. For a joint such as the knee
that can be imaged in several positions facilitated radiog-
raphy, we believe the planar mode will not be a signiﬁcant
problem.
In most cases, it was not too difﬁcult to identify full
thickness ﬁssures or ulcerations since their boundary at the
cartilage/bone interface was visible. Once again, however,
the area of the lesion in the direction parallel to the beam
was indeterminate for the most part. However, if there was
a large contrast heterogeneity within the cartilage, it was
safe to assume that this was a region in which some
cartilage still remained peripheral to a spot of cartilage loss.
The apparent solution to this problem is in the development
of DEI-CT, which is currently underway by our colleagues
and us.
Other problems included the occasional misinterpretation
of a slightly irregular, yet normal cartilage surface as
ﬁbrillation, or interpreting slight irregularities in contrast as
normal rather than the ﬁbrillation that they were. All of the
observers’ grades for the DEI images either agreed with or
were within one full grade of the gross morphological grade.
As with any imaging technique, better familiarity with lesion
appearance on images with practice and time will improve
this statistic. Since the two observers were not radiologists,
it is probable that the discordance could be signiﬁcantly
reduced with more experience, as is the case in all
radiographic reading.
We believe that the one example of discordance between
a gross grade of 2 (substantiated by histology) and a DEI
196 J. Li et al.: Reliability of DEI for assessment of cartilage lesions, ex vivograde of 1 was due to lack of adequate sample variations in
the initial training session prior to the grading of the images
on which statistics were calculated. Once all probable
cartilage lesion types are identiﬁed through gross appear-
ance and their respective DEI images, an appropriate
catalog may be utilized as a reference.
Although DEI is currently an experimental imaging
methodology, the present study was carried out to
contribute to the determination of applicability of DEI to
future cartilage imaging. Prior to the development of
a compact DEI X-ray source, which is a realistic prospect,
the technology should initially be examined for its power for
clinical purposes.
In summary, with DEI we have been able to identify all
stages of cartilage lesions from ﬁbrillation to erosion
extending to subchondral bone ex vivo. Although DEI
currently operates in the planar mode, development of
a computed tomographic, as well as a non-synchrotron-
base unit is under development. This study represents early
validation for the continued optimization and testing of DEI
and its use in the diagnosis of degenerative joint diseases,
such as osteoarthritis.
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